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In the period of February 1, 1971 through January 31, 1976 

I 

this grant supported our experimental and theoretical research 
t concerning lunar surface processes and the nature, origin and 
derivation of the lunar surface cover. 

The principal research topics involved were: 

1. Electrostatic dust motion and transport process 

2. Seismological properties of fine rock powders in lunar 
conditions 

3. Surface processes that darken the lunar soil and affect 
the surface chemical properties of the soil grains 

4. Laser simulation of micrometeorite impacts — estimation 
of the erosion rate caused by the micrometeorite flux 

5. The exposure history of the lunar regolith 

6. Destruction of amino acids by exposure to a simulation 
of the solar wind at the lunar surface. 

These topics developed from long years of previous studies 
of lunar processes and analysis of observational data. Some of 
them involved large-scale experimental research programs. .Most 
of the laboratory observations were first made with rock powders 
of similar physical and chemical properties as those of lunar 
material. In the advanced phase of the e.xperimental work, actual 
lunar material was used in several projects, these were partially 
sponsored by another NASA grant: NCR 33-010-137. 

In this short summary we will point out some of our m.ost 
important findings. Xerox copies of the abstracts of all the 



publications resulting from this grant present a more detailed 
ajcount of our achievements. 
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Many features on the lunar surface as observed by lunar pho- 
tography evidenced transport processes of the soil. We had 
studied a number of possible processes and decided to concentrate 
on the experimental and theoretical investigation of the electro- 
static effects. Experiments in which insulating powders were 
bombarded with a few hundred eV energy electrons in vacuum were 
highly successful. Electrostatic agitation of the grains under 
these conditions produced a great variety of phenomena and interesting 
surface patterns, very relevant to lunar observations. We explained 
the observed agitation in terms of differential charging of the 
grains and the resulting very intense local electric 
fields, sufficient to mobilize the dust grains. We conducted a 
thorough theoretical study of electrostatic dust motion and of 
Its applicability to lunar conditions with very positive results. 

We also made a systematic investigation of the behavior under 
electron bombardment of various insulating powders individually 
and in mixtures. The final phase of this investigation included 
actual lunar dust samples. A collection of both still photographs 
and motion pictures of the observed dust motion and of the resulting 
surface patterns was obtained. The comparison of the laboratory 
photographs and those of the lunar surface shows striking similarities 
in a number of cases. We also studied both experimentally and 
theoretically the combined effects of a U.V. and electron flux 
and draw conclusions for the lunar case. This work formed the main 
body of the Ph.D. thesis of G.J. Williams — see the publication 
list. 
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Another topic relevant to the nature of the lunar surface 
cover developed from the discussion of the lunar seismic signals 
so different from those observed in the Earth. Gold and Soter 
had shown theoretically how a deep powder layer can give rise to 
the general features of the lunar signals. We established an 
experimental program in order to examine whether under lunar con- 
<iitions rock powders can exhibit the required seismic properties: 
very low velocities for the acoustic waves and very low attenua- 
tion. We measured the longitudinal wave velocity and Q of low 
frequency acoustic signals in a variety of rock powders. The 
measurements were made under vacuum using a specially designed 
and constructed apparatus in our laboratory. We demonstrated that 
dry, lightly compacted rock powders exhibit very low velocities 
and high Q and that the velocities increase sharply with compac- 
tion. The value of the highest Q measured in the laboratory, 
when extrapolated to the actual lunar conditions, gave support 
to the Gold-Soter model. 

The explanation of the optical properties of the lunar surface, 
and in particular its remarkably low albedo, had been a long- 
standing research topic in our laboratory. We had demonstrated 
that fine, iron-containing basalt powders, irradiated by 2 keV 
protons or :» particles, in doses equivalent to a few tens of 
thousands of years of solar wind flux on the lunar surface, approxi- 
mate well the optical properties of the Moon. 

During the years covered by this grant we built an Auger 
electron spectrometer in our laboratory. With the help of this 
analytical tool we were able to correlate the surface chemical 
changes caused by ion bombardment of rock powders with the changes 
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in their optical properties. Most importantly we were able to 
analyze the surface chemical composition of lunar dust and freshly ' 
ground rock samples, the latter representing material unexposed 
to lunar weathering. We demonstrated a consistent enrichment of 
iron on the surface of the dust grains relative to the freshly 
ground rock grains. We also showed a correlation between the albedo 
lunar samples and their surface iron concentration. Indeed 
the darkest lunar dust samples exhibited the largest surface iron 
concentration . 


We also demonstrated that lunar rock powder samples bc.abarded 
with protons or .1 particles in the laboratory, not only darken but 
their surface iron concentration increases to the value observed 
in lunar dust samples. Therefore we were able to give very strong 
support to the hypothesis that the solar wind is a major factor 
in altering the surface chemical composition ar^ the albedo of the 
lunar dust cover. This is an important result for the discussion 
of the chemical composition of the surface cover of other airless 

bodies, since most of the available information is from optical 
observations. 


The results of our laser experiments when combined with cosmi 
ray erosion data on lunar rocks allowed us to estimate the amount 
of soil moved by micrometeorite "gardening". Our figure agreed 
Within a tactor of two with estimates by others based on micro- 
meteorite flux measurements. This strengthened the correspondence 
between cosmic ray erosion and micrometeorite flux estimates. 
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3-di^ensional calculations of rs,olith cratering 

and exposure indicated that too hrgh a fraction of the grains of 
an average sample would escape galactic and solar wind exposure, 
as compared to the ohservations on lunar samples. The implication 
o these statistics is that pre-exposure of the grains in space 
and/or during transit by some orderly process from the uplands 
as reguired. This finding of course is very relevant for the dis- 
cussion Of the livelihood Of an electrostatic transport process. 

conducted a microscopic and SE.M study of the damage oat- 
terns on glass beads from the A17 orange soil sample in order to 
^aagnose the nature of the damage-causing event(s,. „e observed 
that the beads exhibit an astatistically high prevalence of a 
9 spot of damage rather than none or several such spots 
This seemed to evidence damage by an orderly process such as infall 
o each bead. We designed an experiment involving the impelling 
c glass beads of size and static crushing strength similar to 
that Of the lunar beads against various targets at various velo- 

'c establish reasonably stringent 
oun s on what the impact velocity of the lunar glass beads must 

nave been. This grant, however, was terminated before this pro- 
ject could be realized. 




ABSTRACTS OF PUBLICATIONS RELATING TO THIS GRANT 


1 




electrostatic transportation of dust 


R T T r- J ■J'HE MOON 

in Sp;c^“ 557 -|ja’'(ll 7 ?)?" Interaction with Surfaces 


T. GOLD and G. J. WILLIAMS 

Center /or Radiophysics and Space Research. Cornell University. Ithaca. .V. X 14850. U.S.A. 
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unexpected phenomena 
expcnmenis. 


AMINO ACID DESTRUCTION UNDER 


SIMULATED LUNAR CO.NDITIONS 
CRSR 488 


Carl Sagan, Elizabeth Bllson, 
Francois Raulln^ and Paul Shapshak+ 
Laboratory for Planetary Studies 
Cornell University 
Ithaca, N.Y. 14850 


-Present address: Unlverslte de Parls-'^’a! de Marine * <.0. 

d’-nergetlque Blochimlque , Paris, Prlnc?. ’ -aboratorle 


Present address; DAna^-n-n- ^ , 

Madison, V/lsc. '' * --ophyslcs. University of Vlsocnsln 


Atilno acids, zilxed with pulverized olivine basalt slnllar 
to the fines In the lunar regoilth, have been subjected to lunar 
reglr.es of proton irradiation and temoerature a.nd -0 -- 

...w na.i _.e ror tne cestruction of a.nlnc acids mixed to a 

depth of several cm Is ^ 4000 v^a-s ca — 

caou^riK ac ubt cn olair.s 

a.mino acids exist in the l.nar regoilth. 
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The Moon 6, 405-413 (1973) . 

THE SIMULATION OF LUNAR MICROMETEORITE ‘ 
IMPACTS BY LASER PULSES 




E. BILSON, T. GOLD, and G. GULL 
Center for Radtophysics and Space Research, Cornell University, Jthaca, N.Y., U.S.A. 

(Received 16 February, 1973) 

Abstract. Laser pulses of a finely focused beam were used to simulate micrometeorite impacts on 
lunar rocw and in lunar soil. The electron microscope pictures show the detailed effects so caused- 
It IS possible to derive an estimate jf the comparative amounts of erosion a given micrometeorite fiux 
would cause in lunar rocks and lunar soil. 


EROSION, TRANSPORT.4TION AND THE NATURE OF THE .MARIA 
Proceedings, I.A.U. Symp. No. 47 "The Moon", Newcastle, 
The Moon (Urey & Runcorn eds.), 55-67 (1972). 

T. GOLD 

Cornell University, Ithaca, U.S.A, 

Abstract. Rock dust appears to have been redistributed over the Moon by effects other than impact 

distinctive layers and was clearly unmiLd 
Surface transporation processes that deposit the dust very gently must have been at work O^biter 
picmres confirm that such surface creep has taken place on a very large scale. 

^e seismic evidence makes clear that there is no continuous sheet of bedrock at a shallow deoth 
m the v^imty of the Apollo 12 site. A deep deposit of powder would match the sefsmic 

obsped. Mascons require for their explanation a surface transponation process that tends tcTfill in 
the larp impact basins after their formation. mat tenos to nil in 

as demonstrated in the laboratory to occur most readilv 

. .1 * / electrostatic forces produced by electron bombardment in the energy range of a few 

S"S^hr£rih“tnd predominantly when it is in the magnetic 

CO.NJECTURES ABOUT THE EVOLUTION OF THE .MOON* 


T. GOLD 

Center for Radiophysics and Space Research, Cornell Univ.. Ithaca NY. USA 

The Moon 7, 293-306 (1973). 

(Received 23 November, 1972) 

.Abstract. The principal questions about the derivation of the lunar sun'ace have not yet been settled: 
is It the surface iett over frorn the process ot accumulation of the Moon, or is it a surface generated 
by magmatic processes on the Moon and subsequently altered by further infall from outside? The 
evidence derived trom many sources now lavors the former. Seismic data suggest an absence of 
bedrock down to a depth of several kilometers, and instead a compacted powder only. The *mascon‘ 
evidence can be understood as a consequence of major impacts in a deep porous layer. The great 
abundance of cosmic ray tracks in most soil samples demands a much greater cosmic ray dosage than 
present rates would cause in the age ot the Moon, unless the dust represented infal’en material pre- 
viously irradiated. The nuclear age. since freezing, of the dust is greater than that of the rocks found. 
The chemical composition of the dust is not the same as of the rocks. Strict layering of the dust has 
been seen, implying some process other than meteontic impacts for its generation and deposition. 
These and other etTects found can be understood m the framework of a cold accumulation descrip- 
tion. in wnich the surface layers represent the last addition of meteontic mfall of a basaltic material 
similar to. but not identical vMth the present basaltic achondrites. The possible reiaiion of this material 
to oceanic basalt ('*n F.arth is mentioned. 
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(Ripnnud from Saturt, VoL 240. So. 53g2. 45«-459 

Oiumber 22, 1^2) 



Are the Lunar Seismic Signals 
compatible with a Deep Layer of 
Fine Powder? 

The seismic wave velocity may vary with depth in the Moon 
in the way derived from the lunar seismic signals by Toksdz 
et al.K It is customary to seek sudden changes in velocity and 
mterpret these as evidence for sudden changes in mineral type. 
Here it is shown that one such sudden change at 15 km and 
the more gradual increase in velocity from the surface to it 
(mn^ interpreted in terms of a single type of material, namely 
the fine rock powder that is so abundant on the lunar surface 
Gold and Soter-* have shown how such a d&p powder layer 
can give rise to the general features of the lunar seismic signals, 
which are clearly so dirfereat from those seen in the Earth. 

Good quantitative agreement has been obtained betw'een 
lunar near surface velocities and values obtained in rcick 
powders in the laboratory^ However, Toksda et al.'- rule out 
a deep powder layer. They derive a velocity profile for powders 
trom laboratory data on lunar fines'* by using values of velocity 
corresponding to the maximum pressure to which the fines 
were exposed in the laboratory. They thus obtain the result, 
which we shall see is not necessarily correa, that the depth 
dependency of velocity in lunar fines would be slower than the 
actual depth dependency inferred from the seismic signals. 
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R.J.L. Grard (ed.), Photon and Particle Interactions with 
Surfaces in Space, 517-519 (1973). 

SPUTTERING AND DARKENING OF THE GRAINS ON THE 


lunar SURFACE 

T. GOLD 

Center for Radtophysics and Space Research, Cornell Vniversuy, Ithaca. N. Y. I4SS0, U.S.A. 


Abstract. Sputtering ex^riments have been carried out in the lunar laboratory at Cornell (first by 
. Hapke) since 1964 These have shown that solar wind exposure will lead to the deposition of a 
u The nature of this layer is not yet known with certainty, but it is 

thought to be chiefly due to reduced metals. This confirms the supposition, first put forward in 1955 , 
that the albedo of any Part of the lunar surface is dependent on the length of time for which it has 
been exposed. This albedo effect is likely to dominate over effects due to regional chemical differences. 


Proceedings of the Fifth LunerConference 
(Su,>piernent 5.Geoch}mic*eiCosr7H>ch»fnic« Acta) 
Vol.3pp.U35-lJ59n9?4) 
Pnntedinthe United States of Amenca 


Optical properties of the Apollo 15 deep core samples 

T. Gold, E. Bilson, and R. L. Baron 

Center for Radiophysics and Space Research, Space Sciences Building. Cornell University, 

lihaca, New York 14850 

Abstract — The variations of albedo observed at different depths in a core tube show almost as large a 
range as occurs on the surface over the entire moon. Different regions in the core tube are very sharply 
separated from each other, demonstrating that little mixing had taken place in the deposition process 
or subsequently. A p>ossibie correlation between albedo and cosmic ray exposure is noted. 


Proceedmgsof the Fifth LunrtrCvinfcrence 
tSuoplement.', Oeochirmcaet Co^mochimica.Awia) 
voi,.^PP.r4) ?-24:2n‘r4) 

Pnnted in the United States of Amenca 

I 

Observation of iron-rich coating on lunar grains and a 
I relation to low albedo 

> T. Gold. E. Bilson, and R. L. Baron 

Center for Radiophysics and Space Research. Space Sciences Building. 

Cornell University. Ithaca. New York 14850 

\bstracl-The outermost few atomic i:i\ers of lunar soil samples were studied by Auger spectroscopy 
,ind were found to ;onlain m e.ich case two to three times more iron than the mean bulk composition of 
'he sample. The amount of excess tron is found to be closely correlated with the optical albedo in the 
m.inner that would he iheoreticaiU expected if the iron provided absorption centers. Crush-d lunar 
rocks of similar me.an composition, but lacking the extra iron coaling of the soil grams, have a much 
higher albedo than most lunar soils sampled or vibserved on the lun.ar surface 
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Proceedings of the Third Lunar Science Conference 
(Supplement 3, Geoc/timica et Cotmoc/iimica Acta) 
Vol. 3, pp. 2545-2335 
The M.IT. Pres5, 1972 


Meast4rements of the acoustical parameters of rock 
^ powders and the Gold-Soter lunar model 

: Barrie W. Jones 

J Center for Radiophysics and Space Research, Space Science Building. 

Comcli l^niversity, Ithaca, N.Y. 1 4850 

Abstract— We are measuring the low frequency velocities and damping factors of acoustic waves in 
rock ^wders m vacuo with a view to understanding the lunar seismic signals. Our results combined 
with those of others, when -jxtrapolated to lunar conditions, lend support to the Gold-Soter model 
of the outer moon in which the lunar surface is covered with a fine rock powder to a depth of at 
least 4 km. 
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Seismic Properties of Fine Rock Powders in Lunar Conditions • 

i 

Barrie W. Jones^ 

Center for Radioph;iics and upace Research 
Cornell Unwersilyt lihacat New York I 4 S 6 O 

Seismic properties of fine rock powden in near lunar surface conditions have been measured 
in the laboratory, and they correspond well with those obtained for the near lunar surface. The 
laboratory values of Q range from 40 to 330 with corresponding wave velocities below 100 m/s. 

Many of *he results obtained are shown to be understandable m terms of current theories of the 
elastic and plastic properties of fine rock powders in a variety 01 temperature and pressure condi- 
tions. This enables some estimate to be made of the changes in Q i nd ci with depth in the moon, 

on the supposition that fine rock powder continues downward as an abundant constituent. i 



J. Phys D: Appl. Phys., Vol. 7, 1974. Printed in Great Britain. © 1974 




Grain-grain contact geometry and the propagation of elastic 
waves in granular media 


Barrie W Jones 

Department of Physics, The Open University, Walton Hall, Milton Keynes, MK7 
6AA, Bucks 


Received 12 February' 1973. in rinaJ form 6 November 1973 


Abstract. It is shown that the compliance of an orthogonal grain-grain conmet is so 
insensitive to the grain geometry in the contact region th*:t this geometry is not at 
present an important parameter in theories of the speed of propagation of elastic waves 
in granular media, such as occur in the Earth and in the Moon. 


THE MOVEMENT OF SMALL PARTICULATE MATTER 
IN THE EARLY SOLAR SYSTEM AND 
THE FORMATION OF SATELLITES 


T. GOLD 

Center for Radiophysu; and Space Research. Cornell Uniyertity, hhaca, X Y.. U.S.A. 

(Read by E. E. Saipctcr) 

Satellites are a common feature in the solar system, and all planets on wtuch satellite 

Z ,Zt T“ "‘’T ' P=n«rba..o„ is .00 la" “ 

Iroush t d I r planet 

rough tidal tnciion.) An explanation of the formation of satellites must hence be 

one which makes the phenomenon exceedingly probable at some stage in the solar 

sysiam fo™auca procaasas. and ,ary improbabla proaassas lika a aapL clnn “ ba 
the answer in most cases, --innoi oc 

Small panicalat. manar mas. hava baan vary abundam in iha aarly solar nahcla 
Such particalara raauar musi have eaisted both from iha firsl condensaiion of iha 
low vapor pressura components of -ha gas in the arst round, and it must also have 

to^r^rtVar ° 1 ”T T"""' ‘’P*” >>«»" 

to term, trequently finding themselves no doubt on collision orbits 

matter will not follow the same orbits as large bodies 
*ould. due to the action ot drag forces. In the early solar system such drag must have 

^1 rr"' continued to be 

a slight drag due to the Poynt.ng-Robenson etfect. The gas drag, depending on the 

maas and temperature distribution of the gas in the early solar nebula, could have 
acted to supply a rorce on small particles, either in the for.vard direction of planetary 
orbits, or in the retrograde direction. Particles could thus be caused to spiral either 
outwards or inwards, as a result of such forces. 

conunas to move on a spiral orbit, for it will 
trequently happen tnat, as the mean period gradually changes, a panicle comes into 
sonance with a penurbing force arising from the motion of major bodies. Such 
resonances can be of two kinds: one causing stability for that panicular period, the 
er removing material even more quickly from orbits of that penod than the spiral 
motion would have done. In the one location in the solar system where we stiU see 

in^fwene^H !onS-!ived orbits, we indeed see the material oraanized 

into wel -denned rings, namely the rings of Saturn. It may well be that even at the 
present time there exists a similar banded st.-ucture for panicles of a certain size 
range in the plane ot the solar system, with some bands as a result of planetarv 
perturbations having permanent stability, despite the Poynt.ng-Robertson effect. The 
0 lacal light may be due to a set of bands that would make the solar svstem look like 
.-int version of Saturn’s rings when viewed from outside the central plane. 


Cjntooouior fdi. Mifhnynrs jf\4siroffomv. 
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Such bands w,U have been a most imponani feature in the condensation proces$e< 
m earlier times. It is in these circumstances, where a nonconservative force has bee-^ 
active, that Liouv, He’s theorem is not satisfied, and indeed particles will be dri-.er 
into much higner densities than the densities at which they were originally suppliec 
It IS important to realize that the process will also sort particles for a cenam size 
range, in the sense that the ones that are too small (for the strenitth of any panic-Ja- 
celestial mechanics resonance) cannot be arrested against the drag force that causes* 
spiraling, while panicles that are too large may spiral so slowly as not to reach 
resonant condition. A resonant band wiU thus first be supplied with the smalles- 
parades that can be stable in that resonance and will later graduaJlv acquire lar<^e- 
and larger objects. The relative velocities, and thus the erosion rates 'throuah m^t^ ' 
CO isions. wiU become vei7 small, and the circumstances will be favorable 7 or snow- 
bailing. to make larger parades with the help of any surface stiction. The concentr- 
tion of asteroids into the Trojan orbits cannot readily be understood without such ar 
action. It is also important to realize that such lanes may in some cases have bee- 
supplied principally from original condensate, but in other cases from debris o 
collisions 0 earlier bodies. Different lanes may thus be chemicallv and mmeraloeicai 

tlZT pianeurv bands";:' 

be lost as a result ot vanous changes. Major penurbations among the planets furthe- 

accretion or major collision, could so change the celestial mechanics sit uaiLTs 

aestroy the resonance with a particular band, and it would then aaam bc^n to soira' 

Now. however, the staning point would be an enormously more co'nceatrated narrow 

lane ot highly collimated orbits, rather than a diffuse distnbution in t.he whole disc 

The densiues of paniculate matter in such a band may well have nsen above 

mean by a factor of t,he order of 10 * We must then visualize that there w,ii have be-“ 

many events of such highly concentrated bands becoming unlocked from the' 

resonance and therefore spiraling in the solar system. When such material read*’ 

the Vicinity of a planet each panicle may suffer one of three possible fates. FirstK ' 

may impact the planet and thus contribute to its growth. Secondlv it mav afte- 

period ot large perturbations, cross safely to the other side of the sphere otVnfiuenc; 

of that planet and then continue with its spiral. Thirdly, it mav be placed on a satelli- 

orbit to that planet, a probability which would be greatly increased bv the oresenc 

of a frictional medium such as the .main solar nebula, or its temporarv conccntratior 

in the vicinity 01 the planets. It is extremely difficult to ma.ke any estimate or the reiativ 

probability of the three types of encounter. Even if the setting up of a satellite orb' 

were many times less probable than the other two possibilities, it would still suffice t 

lead to the eventual formation of the satellites that we know, if the process occurr- 

eady enough so that a large proportion could still be added to make the planets zrou 

The step from circumpianetary rings attenuated by gas friction to the formatio- 

of satellite bodies is not a difficult one and has been discussed on many occasions. ; 

m the first place a number of separate satellites form, as may well be the rule it 'v- 

depend on their size distribution, and t.he tidal friction with the planet whet.he- th- 

can be maintained as separate bodies. If tidal friction is sufficient and t.here :s" 
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forward spinning planet, and if the innermost satellite formed is more massive than 
the others, then they will all be swept up into one body finally. This is because t\e 
most massive satellite will spiral out the fastest, and there is no possibility in this case 
of one body crossing the lane of the next without colliding with it. Perhaps this is the 
set of events that occurred to make our rather large Moon, while in the case of the 
major planets the evolution through tidal friction has been somewhat slower. The 
material that now forms the surface of the Moon is perhaps the last addition, and 
the soil that is found there is material acquired directly in its present form from orbit. 
The fact that the material has suffered chemical differentiation on a planetary body 
in its past does not argue against such a theory. As we have said, many of the bands 
will be debris from collisions, and the last material acquired by the Moon may be one 
of those. Whatever finely divided material fell into the Moon in the late phases would 
tend to make a set of layers that may be chemically distinctive. Any of the larger 
impacts, such as those that caused the mare basins, must th.en rework the layered 
structure into one that makes for regional differences in composition. Much detail 
that is now known about the lunar soil is difficult if not impossible to account for 
within the view that this soil resulted from the grinding up by meteorite bombardment 
of solid lunar rocks. In panicuiar, the high intensity and remarkable uniformity of the 
cosmic ray exposure of ail the soil seems to accord much better with a picture in which 
this soil was in diffuse form in orbit and fell in :o make the last addition to the Moon. 

( The impact on collision of each grain with the lunar surface would not heat the 
particles enough to eradicate the cosmic ray tracks if infall was from other Earth 
satellite orbits only.) 

The recent radar observations from the Jet Propulsion Laboratory at Goldstone 
of Saturn's rings suggest that they are made largely of metallic particles. (The 
alternative theory that they are made of dielectric material in accurately spherical 
form - cat's eyes - is considered unlikely, since we know of no mechanism that would 
tend to assemble meter-sized spheres as would be required.) This observation empha- 
sizes the view that bands of particular composition can be formed and become placed 
on satellite orbits. The rings of Saturn are too close to the planet to form further 
satellites, but the greatly varying composition of the satellites suggests that similar 
processes had occurred there but with differently sorted out, second generation 
debris material. 
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, „ ^ ELECTROSTATIC EFFECTS ON THE LUNAR SURFACE, T. Gold 

^d G. J. Williams, Center for Radiophysics and Space Research, 
Cornell University, Ithaca, NY 14850. 

The large scale electric fields around the Moon and the mean 
charges of surface grains of the soil can readily be seen to 
result in forces that are much too small to cause any movement 
of grains. However there are effects that are expected in the 
environment of the Moon, where the charge on neighboring grains 
is quite dissimilar, and where electric fields are set up on a 
micron-scale. In such circumstances the forces on a grain may 

®^ceed not only gravity but also the adhesive force to the 
neighbors tnat are in contact. Surface movement then results 
and may cause • surface transportation of lunar soil on a 
geologically important scale. 

We report here the laboratory experimentation and the 
theoretical investigation of the effects that set up such 
Intense small scale fields. UV photons from the Sun, the solar 
wind, and the plasma bombardment in the wake of the Earth all 
need to be considered. While photon-produced electrostatic 
effects are not large, they may cause some movement of surface 
grains on the Moon. The free-stream solar wind has only 
effects. The electrons that reach energies of 
several hundred volts in the region behind the Earth’s magnetic 
bow-shock seem the most effective agency for causing surface 
movement, and such movement caused by locally unstable electron 
charging is readily demonstrated in the laboratory. 

Photoelectrons are very numerous compared with the more 
energetic electrons of the raagnetosheath. It might be thought 
that their action would be to destroy all the intense small- 
scale electric fields, and to bring potential differences down 
to the few volt range of the photoelectrons. This is, however, 
not so. All localities in the complex surface geometry that can 
receive electrons from the wide-angle electron bombardment, but 
not photons from the narrow-angle solar illumination and that 
charge up negatively cannot be discharged by photoelectrons. 

A large fraction of the surface grains at any time are in that 
situation, and therefore electron bombardment effects are 
expected to be not greatly diminished by the presence of the 
solar UV. 

Magnetosheath electron bombardment provides an explanation 
for the great difference in the appearance and surface 
topography between the back and the front of the Moon, if 
Indeed surface erosion by such effects has played a major part 
in shaping the surface. 
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ELECTROSTATIC EFFECTS ON THE LUNAR SURFACE 
T. Gold and G. J. Williams 


tests^^^i^ph are noted in the laboratory 

flltu-es of fhL^®h^°r according to some 

trlnsooJLtTorJj" impediment 

effects mixture of certain substances. These 

effects provide explanations for various seeminelv strano-f* 
properties of the lunar surface that have ^len noLS ® 
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On the exposure history of the lunar regoiith 
T. Gold and G. J. Williams 

Center for Radiophysics and Space Research. Cornell University. Ithaca. New York 14850 

observed mnimum and mean values of track densities in lunar grains are both found to 
of thl expected from exposure with redistribution by venicaJ mixing, and the percentage 

of the smaller grams showing very high track densities is too large by a factor of more than ten 

^rm^^Uorr” ‘*** space before accretion onto the moon or in regions from which 

net migration has occurred) may be necessitated. 
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Remarks on the Paper “The Tidal Loss of Satellite-Orbiting Objects 
and Its Implications for the Lunar Surface" by Mark J. Reid 

T. GOLD 

Center for Radiophysica dc Space Research Cornell University, Ithaca, New York I4S63 
Received December 20, 1973; revised August 9, 1974 

The paper by Reid suggests that masses may be stored in circtimluiiar orbits 
for long periods of tune, limited only by tidal dissipation. The real loss may, 
however , be much faster, due to large changes in the orbit caused bv the disturbing 
field of the Earth. It is shown that the example quoted of Jupiter’s satellites is 
inadequate to make the case for stability of such orbits. 
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Auger analysis of the lunar soil: 

Study of processes which change the surface chemistry and albedo 


T. Gold, E. Bilson and R. L. Baron 
C enter for Radtophysics and Space Research. 

Space Sciences Building. Cornell University. Ithaca, New York 14853 


AhMract— The chemical composition of the outermost few atomic layers of thirteen soil samples and 
six roc. samples •rom all Apollo sues was studied by Auger electron spectroscopy All soil samples 
showed a large increase in the •ron-to-oxygen ratio land therehv of the surface concentration of irot.i 
-omnared with samples oi crushed rock or with results of the bulk chemical analysis. The necative 
coirelaiion between the amount of this enhanced iron and the albedo of soil samples, leported earlier 
by us. ,s now greatly strengthened, and shows the functional dependence expected from a population 
of absorption centers that is proportional to the surface iron content 

'unar riKk samples e.sposed to ;-keV protons that simulate solar-wind exposure for 
JXVU OOOyr exhibit both an increase of the surface I'on and a loweimg of the albedo that makes these 
resemble closelv the lunar soil in both respects. While a variety of surface modification effects may 
have been p esent, it appears that an .ulectuate explanation for the low alLsedo of the moon and the 
.hemical sun.ace properties of the soil car he found ,h the selective depletion of oxygen lansl other 
i«ni cicmcnis) r\ wjnd >putterme. 
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EXTRALUNAR ORIGIN OF THE LUNAR SOIL. T. Gold, Center for Radio- 
physxcs & Space Research, Cornell Univ., Ithaca, N.Y. 14850 

of possibility that the lunar surface represents merely the last stages 

tion (1 ^ 3* **®on has not received much atten- 

th- ^ clearly a question of overriding importance to 

the entire lunar investigation program. 

reoorr’T/''T! oonceming the lunar soil, such as its exposure 

llZlt I r* deposition, as veil as radar and seismic evid^e! L 
less in f s«*^fsoe material fell in more or 

tic orindina of a"i^ gather than that it is the consequence of meteori- 

Aoolll o oL endogenic crust. Further evidence concerning the 

I orange soil, the mascons and their absence on the back, and the 
^ny indications of surface denudation and deposition all speak for infall 
and surface transportation processes as having been the dominant effects^ 
oDDositP^ investigators believe that the chemical evidence has proved the 

hit K * chemical differentiation history on the Moon 

roust have preceded the production of the present soil. That these differen- 
lation processes occurred in the material that came to form the lunar soil 
5 ^ 10 ^^* doubted. However, there is no way of knowing where this happened. 
assi^o?ion II understanding of the origin of the Moon, 2y 

original nature of the material must be a weak 
and needlessly restrictive one. 

*^®®" claimed that the lunar chemical analysis has shown the 

chemical system. This claim 

sinc!\h! ' present debate, 

since tte same considerations of chemistry can be applied to a previous 

outL'*f.**ir*ir^*‘^® ®*^*'^*^ h*ve become the dominant contribution to the 
outer few kilometers of the Moon. "ution co cne 

Nor can ^e regional distribution be taken to prove that case. It is 

such L vertical redistribution has taken place on the 

f®/*®P excavations of the great basins and the deposition of 
differ! ^ surrounding mountains. Therefore any vLtical 

differences, resulting from a compositional change in the course of the 

ITllT"' exhibit themselves as regional differences now. Den^dltion 

filershorSlft^®*'’* exhibiting the lower material there (and crater pro- 
f lies show that generally more than 2 km have been removed), while the last 

cessiiri""^*^ dominate on the flat low ground. Thus differences among suc- 
cessive layers of the accreted material tend to show themselves as dif- 
ferences between high and low ground. 

generally a remarkably high surface exposure, as 
judged by its cosmic ray tracks, by its implanted gases, and by Us surface 
sputter or condensation deposited layer. If this degree of surface exposure 
occurred during the entire age of the Moon at the present rate, only a*^thin 
^i«d treated, however well the material was stirred or 

ft# * . estimates of the maximum amount so treated range from a few tens 

account for the material investigated in the form of the three meter drill 
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EXTRALUNAR ORIGIN OF LUNAR SOIL 
Gold, T. 




cores. It IS far from adequate when the stirring by larger crater forming 
events is taken into account. Much of the material now in the too few 
meters must have come from nearby craters that are many tens of . meters deep. 

A substantial admixture of unexposed material should ’therefore be present 
almost everywhere in the soil. ^ 

amount of surface exposure, the distribution also - 
not be. accounted for. If random stirring were held responsible for 
bringing grains to the surface for exposure, then even the most vigorous 

^ larger proportion of unexposed grains than 

found. A computer simulation study (4, 5 ) demonstrates this clearly. 

Furthermore, most of the core tubes investigated show many verv dis- 
uinctive layers, -with differences of grain size, albedo and chemical composi- 
tion. However these layers might be produced, their presence argues agLnst 
the supposition that the soil has generally been stirred exceedingly 
thoroughly so that most grains could acquire their surface exposure. 

^h. ® responsible for the soil, then 

..he observed exposure record would refer to both the exposure suffered by a 

\ Exposure of a tenuous cloud of 

grains would then be needed only for a short time, on account of the much 

g eater surtace area presented; each grain in the cloud may receive an ex- 
posure rate as high as only the uppermost layer does on the Moon. Infall of 

that is itself composed of loosely packed small 
grains will not eradicate either cosmic ray tracks by heat annealing or 

deposits, so long as the infall speeds are onlv of the order 
of the escape speed of t.he Moon (2.4 km/sec). In fact, planetary accretion 
processes may well supply grams out of gradually attenuating orLts, and the 
impact speed would then be as low as 1.7 km/sec (the lunar orbital v;iocitJ? 
assuring the almost complete preservation of all details of the grai.ns . 

from orange soil demonstrates a history of having been' frozen 

trom me.t in space, and then, as completely hard particles— mainly small 
sphere;, or spneroids— having i.mpacted the surface. Electron microscopy 

^ l^rge number of beads sho^ them 

.0 exhibit avery unitorm degree of damage; the large beads have mostly one 
large area oc ..amage on them, and the small ones have a small area of damage 
in contrast witn most rock chips there appear no hyperve locicy imoact crat-rs 
on any oc this material. Oetailed statistics show that the damao; observed 
mus. oe almost entirely t.he one resulting from the infall of the material 
icselr, not :rom any subsequent bombardment. .Measurements of ^he br^ak’”- 
strength oc t.he beads i.ndicate that a high speed of impact into t.he soft'"" 
lunar soil would nave been required to cause the observed degree of damage; 
a spee o. . kn. sec, the lunar orbital speed, seems to be inadeouat-^ 

Pending e.x?erimental results with glass beads of similar strength,' snot into 
„ *• - -.j^e of material, one can only make approximate ca leu la or.s 

-o decine tne speed these ob-cts muse have had. Our esti.mates sugges't a 
opeed oe ween 3 and 4 km/sec, well above the orbital speed. I.-. that case 
-.nio^macarial was part or. an infali, and noc .mereLy distributed from i.-.ocher 
--^.a...or. .n t..e .Moon. In any rase the fall .mus-. have covered a la-ge a'-^a 
- 0 S.S 10 .V tne entire Moon, a.nd the small patrn found is the ronseruenio rf ' 
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Gold, T. 


brought » th. 

f«« most Of th. ■“««»!. thou,h oh.mic.Uy distioctiv, 

tion so f« as «v.rth.i.ss of . luhsr. typ. of composi- 

»obn .t mot. rSr„“* “"'•“‘■I- « It =a«. ihto ch., ' 

Sisnition must b« that th^rLt if tt^^oil r'-* sourca, the pra- - 

cam. from that source. ar«a^f.^Lrti' aimiX«r, also 

sample of lunar soil for the deduction uhiSef'irfu S 

lunar origin. wnetner it all is of lunar or extra- 

Show s: ^.ic:t?"“y°s:«nSnuitr?o'^%^^^^ "> 

underlying the soil at a layer of higher density 

,r.duaUy%a« Zre “mp®a«:^'™t^‘L'^;^'=f ar. «mpatlhle with a soil thL 
compaction. This is^ additron to local variations of 

licuafied rock «d ^i^Sy “‘ Ittgast impacts will have left 

later scattered by smaller imoaeta « ®^* ttystalline rocks, 

rocks would fit in well with nuclear age d«S “ °^'*®' “* 

if 3ur“a%i“j:w."”rye%e“^"« »*- * .xplanation 

hydiostatically balanced Where no «uoh areas previously 

be no mascons.^ «h.«Tlar~ JL«t hS l^f®!® ‘iT’ 

and valleys the gravitv inaD^shou?,^ ^ ^ pattern of concentric rings 
fro. equilibSL-lIiraTL Sr caH i “®*® 4epartu«s 

addition of material by surface flow ®ia*®® ®^^*bbala while any subsequent 
anomaly. OnlhiT ba.S i 3snerat. a positive gravity 

filled, should represent no prSnSSSriiS* Sj’' “® *’®“’ “■ 

been observed. ' ^ nomalies. This appears now to have 

the gSrrSnnsrasSrn's'Sujrsrs rS*nsrf®“® 
suy-‘s:^rss:sSi'lrsss^s: ruTLssS ^ 

for two S« Se LSSflS r®l ®° *’•''• '=••" « 

this is the SpSTSS oSr fifferent. There is no prcblm. if 

ertemal effects. ®* ^•”*^*f*** by infall and the common 
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G.J.Willia“°aS^? STImiNO AKD EXPOSURE: 5-DIMENSIONAL STUDY, 

Space Ree:. 

e*pos5?l^ co^?o ?Iya 

remarkably orderly oroLss Tha? it solar) through some 

atcorSl^ Excavation and mixing of the llll 

is emoiSfed ®?i"® frequency law of Shoema^r et al. (1) 

cnipxoysci* Ths PBSults confipin th^ 1 ndi r*flf**? i ^ ^ 

Se?e1J??Ss"“f iL‘S??i?Ln; S^Ih^ch^^nl^^'J^- 

which unl^osld"S°tl2‘ao‘se“"'"“ ‘*'® 

ir tL^Is th^ remains to be established is only 1 or 

ini exoLur4 of^unexposed grains (in samples show- 
*(This^fi«iire of courcP" stringent upper limit which 

Pies Retentinn^^r^of^h^iT®^?^^*^,®^ glass component of sam- 
**?Gkins Shl?S rfoYH^ f be poor.) 

b?okl ?hr?~cis tn?S ’lip dlsloc"ions iS?ch 

posiibillt?'^of°A exposure" refers to the 

r-sult^frim aLL?? 7^^® Showing no tracks. The latter could 
impact events?) ® sample, by heat or shock, in 
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REGOLITH STIRRING AND EXPOSURE 
Williams, G. J., et al. 


can be set currently is about 1 or 2% (4), 

The three- dimensional calculation A computer was used to perform 
^ Monte-Carlo simulation ot regolith exposure accompanied by 
cratering. It was assumed that the meteorite flux, whatever its 
absolute value may have been, had the form(l): P(c) a c"2.93, 

P is the fliix of meteorites causing craters of diameter greater 
than or equal to c, (Small-scale excavations occur more frequent- 
ly than large-scale excavations.) The conclusions of the study 
are not very sensitive to the crater production law assumed. The 
aspect ratio b of the craters (ratio of diameter to depth) was 
taken to be a single constant for craters of all sizes. A value 
for b was not chosenj it does not enter when one merely speci- 
fies that tilling by meteorites .has reached to a certain median 
depth. Craters of square aperture and vertical sides were chosen 
for simplicity. The excavated material was taken to be deposited 
in a. blanket or uniform thickness and square border surrounding 
the crater. (See Figure 1.) The ratio tj of ejecta blanket thick- 
ness to crater depth was taken to be independent of crater depth. 
The value of in the basic calculation' was chosen to be 1/8, 
for reasons of computational tractability. The results can be 
scaled for other values of q. 

Each event excavates material which thereupon becomes 
arrayed in a thin blanket. At each time-step, one unit of aging 
is accorded to all material within a certain depth beneath 
the surface. (One time-step is the time-constant * for an impact or 
impacts to create a single excavation of minimum depth. ) Com- 
pounding of statistics was employed to deal with the effects of 
successively smaller-scale classes of cratering events. The 
material was dealt with in the form of distribution functions, 
rather than following a limited ntmiber of grains. We define 
N(0) to be the fraction of a sample's material which has never 
resided within an exposure-length \ beneath the surface. The 
dependence of N(0) upon tj can be shown to be: N(0) ot where 
y is a positive number less than 1.0. Care was taken that all 
approximations have the effect of underestimating N(0) rather 
than overestimating it. 

As tilling proceeds, N(0) would be diminished rapidly were 
it not for the fact that the greatest depth to which cratering 
has occurred will increase, on average, linearly with the number 
of time-steps. Admixture of previously unprocessed material 
from beneath is unavoidable in the actual case and was artifi- 
clally excluded in the theoretical simulation to less an extent 
than in the calculations of others (e.g.,(3).) The deeper exca- 
vations continually spoil what might otherwise have been a dis- 
tribution with no unexposed grains. N(0) decreases with time 
initially. Thereafter, there is an approach to what is essential- 
ly a steady state. 
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REGOLITH STIRRING AND EXPOSURE 
Williams, G. J., et al. 


Results of the three-dimensional calculati on The calculation 
yielded the distributions N ( Drilled. ) in amount of time Ex 
spent within an exposure-depth X beneath the surface. L is the 
depth at which the soil sample is found, LriHed is the median 
depth to which tilling of the regolith proceeded. It is^ of 
course, the distribution in relative degree of exposure which 
is of import and, most simply, one may consider the fraction 
-I( Lrilled^ 0 ) which has never experienced residence within the 
depth X beneath the surface. 

Typical results are shown in Figure 2. We reiterate that 
ohe zero- and low-exposure end of the histograms represents an 
underestimation. 

Conclu sions It can be seen from the theoretical results that 
in-situ meteoritic tilling fails to explain the remarkable 
extent to which unexposed grains are absent from the majority 
01 lunar soil samples. From the upper limit to the observed 
value 01 ^^.0) and from the form of the dependence upon n 
we have that the ejec ta-blanket thickness factor n may be 
significantly smaller than 1/200 without invalidating the 
conclusions of this study. The results indicate that pre- 
exposure in space (and/or during transit by some orderly 
process from the uplands) is required for the bulk of the 
lunar soil. 


References : (l)Shoemaker E.M. et al.(1970), Proc. Ap. 11 
bci. Conf., Geochim. Cosmochim. Acta, Supol.l, Vol. 3, po 
2412. Pergamon. (2)Gold T. and Williams g'.J, (1974), Proc. 
Lun_. Sci. Conf., Geochim. Cosmochim. Acta, Suppl. 5, Vol. 
p.2;)b7. M.I.T. Press. (3)Ccmstock G.M. et al.(i971), Proc 
Lun.^Sci. Conf., Geochim. Cosmochim. Acta, SuddI. 2, Vol 
p.2po9. M.I.T. Press. (4)Fleischer R. L. (1974)*,“ private ciru 
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The surface chemical composition of lunar samnles 
and Its significance for optical projwtte 


T. Gold, E. Bilson. and R. L. Baron 




i» "»»«o«, ta.„ „ii 

show a large increase in the iron to'oxygen ratioTanTth “k P«»»usly all soO samples 

compared with samples of pulverized rock or with resJlt^ onh’' concentraUon of iron) 

titanium concentration of the soil is also significantly in!«f w “"“'ys'*- The surface 

Mhm M *»„ co,„n, ““ wb,,„, a. 

these elements. *" cantly different from the bulk concentration in 

A solar wind simulation experiment using 2 keV en*r.v » i . 
corresponding to approximately 30.000 yr of solar wind showed that an ion dose 

of the pulverized Apollo 14 rock sampite. 14310 to thl cont f o" 'he surface 

sample 14163 and the albedo of the pulverized rock d«r '"easured in the Apollo 14 soil 

The low albedo (as compared to tl«» T , f'om 0.36 to 0,07. 

step with the surface concentration of iron anrt^^um*^as “ ***" ‘® ^ '*°**'’' 

wind sputter reduction mechanism is discussed as a ^ methods. A solar 

optical properties of the soil. Possible cause for both the surface chemical and 
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The Search For the Cause of the Low Albedo of The Moon 


T. Gold, E. Bilson, and R. L. Baron 


Center /or Radiophysics and Space Research. Cornell Unioersity. Ithaca. ,Vew York I48S3 


sur^L Smi«i i P" 'h« albedo of the lunar surface cover is discussed The 

au«M .ullf composition of numerous lunar soil and pulverized rock samples was determined by 

coJLSn *“'*‘*° '*’*** also measured. The chetnical 

CTushed “Ih r K *'*ater on the surface of soil samples than it is on the surface of 

Tf the ^ ^ A composition, whereas the albedo of soil samples is lower than that 

^e ^d^ R«^ts of",o'a‘, ^ '* P'caen'ed between the surface iron - titanium content and 

«mn M i ? simulation experiments show that irradiation of crushed lunar rock 

samples with a small dose (corresponding to 3000 years of solar wind) of 2-keV energy protons changed 

‘*'TT '’f '»’* ‘P'‘- ^ of protons (corres!ondfn7!o 

30.000 years of solar wi^) was needed to darken crushed rock to the albedo of the soil of similar bulk 

uhemical composition. The mechanism of darkening by solar wind is discussed, and its effectiveness is 
compared to that of other darkening processes.. enectiveness is 
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The relationship of surface chemistry and albedo of lunar soil samples 

By T. Gold, F.R.S., E. Bilson and R. L. I aroh 
Center for Radiopkysics and Space Research, Cornell Universitv 
Ithaca, New York 14853, U.S.A. 

A relation between the albedo and the surface iron concentration (determined bv 

soSrii? of lunar soil samples is described. The effect of solar ^vi^d 

P S surface chemistry and albedo of the soil is discussed. 
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Origin and evolution of the lunar surface: the major questions remaining 

By T. Gold, F.R.S. 

Center for Radiophysics and Space Research, Cornell University, Ithaca, New York, 14853, UN.A. 

The major factors in the evoludon of the lunar surface have not been determined vet. 
•T '"'"l ^‘idjunar differentiation, though commonlv assumed, is in discord 
evidence. The alternative is for most of the' surface to represent the 

talcen chemical diffcrentiauon having 

taxen place pre\nously in the source matenal. Radar, seismic, surface exposure, and 

mascon evidence can then be accounted for. large-scale surface transport mechanism 
ot soil must then have been present. ci..iatusm 
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ELECTRODTOAMICS and the moon - IRANSPORT PROCESSES 

Gregory Johm Williams, Ph.D. 

Cornell University 1976 

on the 

n^ere is evidence that the roch powder that largely 

covers the lunar surface has suffered see transportation 

over geologic tl^es by ceans other than the blasting of 

meteoritic isipacts. In the absence of an atmosphere 

electrical forces acting on small grains may be a mljor 

effect causing surface movements, laboratory experiments 

have demonstrated that under certain circumstances of 

electron bombardment Insulating powders develop surface 

agitation leading to a flow, ibe strongest such effects 

due to instabilities in the charging of individual 

grains, leading to markedly different potentials of 

neighboring grains and large electrostatic forces between 
them. 

The various electrical charging effects likely to 
occur on the lunar surface in the presence of solar wind 

and solar photon bombardment are discussed herein, with 

particular interest in thp r-? 

xn one circumstances that cause 

intense microscopic electric fieidc! t+ = 

v-oric iields. It appears that the 

partially thermalited solar wind in the magnetosheath of 

the Earth is particularly favorable in this respect and 

large changes on the Moon may have been caused by this 
in geologic time. 





Since the magnetosheath of the Earth will cause the 
front of the Moon to be treated very differently from 
the back, one may seek the origin of the striking differ- 
ences between these two hemispheres in such effects. 

It is shown that grain migration can be impeded at 
the line of contact with a dissimilar powder. Thick beds 
of accumulated powder, with a sharply defined flow-front, 
may result. Thus, one can have regional differences in 
composition despite occurrence of a large amount of 
grain migration. 

part B (Statistical a nd Physical Considerations Concernjng 

Origin and Evoluti o n of the Lunar Surface Materials 

Implications of the Exposure Records ) 

The potential of the various types of exposure data 
for discriminating between proposed histories of the lunar 
surface material is assessed. Redistribution of material 
by meteorite impact is considered. The results of a calcu- 
lation which models exposure accompanied by meteoritic 
ii^^i^g ^re presented. The galactic cosmic ray track den- 
sity distributions for the sampled lunar materials are found 
to be explicable in terms of a bombardment-dominated evolu- 
tion of the surface materials — with the • following impor- 
tant reservations. An orderly, additional process of expo- 
sure such that each grain acquires at least the minimum 
observed galactic cosmic ray track density is admissible 

and may be required for the mare material. (Were material 
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with calactio cosmic ray track density less than IxlO^ 
tracks/cm^ present in the maria, the-^p would be a proba- 
bility of only 25^ or less that the sampling performed 
•• there would have failed to encounter it.) The second 
point of concern is that the great range of galactic 
cosmic ray track densities observed to be urpsent within 

almost all soil samples implies that homogenization over 
a substantial depth scale — ten to fifteen centimeters — 
has generally occurred. It is not yet clear that this 
degree of intermingling of particle trajectories is in 
good quantitative accord with the frequency of occurrence of 
sharply delineated laye.'S of anomalous composition. Grain- 
t>y-graj.n transport at a rate competitive with meteoritic 
tilling may be necessary to create (and/or to preserve 
by covering) such layers. 

The limits (set by exposure data) upon the extent to 
which grain-by- grain, non-meteoritic transport or accumu- 
lation processes can have operated in the later stages of 
lunar history are discussed. Very rapid transport (grain 
migration resulting in accumulation of material in the 
maria) earlier in the history of the Moon, with subsequent 
transport occurring at smaller rates, is one clear possi- 



bility. One could, for example, have it that the mare 
basins were filled by grain migration in the first 1 to 

Q 

3x10 years; a declining rate of transport would have 



allowed meteoritic tilling to increase in relative impor- 





represeiU such 4 supcrrontinent; and the much 
smoother northern hemisphere, 4 primordial waterless 
Martian ‘•ocean *7 

Weather satellites have given us the Hm overall 
pictures of Earth’s weather systems on a large scale; and 
are now paving the way to' total monitonng of atmo- 
spheric convolutions, and temperature, pressure and 
humidity changes. Other satellites orbiting the Eanh 
have idd us a lot of new things about the ionosphere 
and upper atmosphere — especially about chemical 
composition, ion and electron densities and tempera* 
^he daily variation of all these factors as the 
Earth’s rotation switches the solar radiation on and otT 
and varies the degree of ionisation, say. or the altitudes 
at which certain phenomena occur. Still higher satellites 
have provided a comprehensive structure of the 
magnetosphere, revealing that the Earth’s magnetic 
field mteracts with the solar wind to produce a sharp 
bow shock on the sunward side and a long magnetic 
-tatr in the shadow. 

All the Earth orbiters have incidenully supplied data 


on the details of the Earth’s shape. To a first approxi- 
mation the Earth is. of course, a sphere. In fact, we 
know it to be an ellipsoid of revolution, flattened by 2! 
km in 63 <S km at the poles. This ellipsoid is very nearly 
of the shape which would result from the hydrostatic 
balance of gravity venus centnfugal etTecis (the equa- 
tor. in fact bulges by approximately 200 m too much.) 
Precise tracking of artificial satellites, however, has now 
not only confirmed that the Earth is slightly pear- 
shaped — its southern hemisphere is fatter than its 
northern — but has also revealed for the first time, a 
number of other bumps and dips which gravnattonallv 
deflect the trajectoncs of the satellites by small amounts 
(P!ate^21). What is their cause? .Are thev relics from the 
Earth’s formation? One suggestion is that ‘highs’' may 
be the tops of the upwelling subcrusul convection ceils 
that cause plate movements. Geophysicailv such shape 
measurements oiTcr a new space-age challenge to the 
planetary scientist studying the Eanh. the Moon. and. 
more r^ently, Mars, all of which have now been nnaed 
by orbiting spacecraft. ^ 
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The origin of the solar system — our strange and 
puzzling home in the universe — is not yet understood. 
There are very many clues, some strikingly clear, others 
hazy, about ‘he events that must have taken place, 
about 4500 million years ago, that put together the 
planets and their satellites, and set them on their orbits. 
While these clues coniine the speculation, they have not 
yet added up to a dear picture. We still do not know 
whether it was a strange and unlikely chance that was 
involved, or whether the millions of other stare like the 
Sun must all be expected to have similar systems 
around them. Are the matenals we have here the 
common building bricks for planets in other solar 
systems? .Are there lots ot planets wiih rocks and water 
and an atmosphere? Is the speculation justified that life 
is abundant on innumerable other planetary systems? 

^ The scientific space prognmmes of the US and the 
USSR were 01 course designed with an eve on these 
great questions, and it was dear from the outset that the 
Moon should be a pnme target. Firstly, it was the 
easiest alien body to reach. Not having* any wind or 
water, erosion would ,iot have destroyed the record of 
past events. Internal upheavals that shifted, contorted 
and overturned much of the Earth’s surface seemed to 
have been absent on the Moon — there are no signs of 
any large distortions in all the many nng-shaped 
structures. For these reasons there were many guesses 
that we would find there the jeologtcai record that is 
missing on the Earth, of the earliest penods when these 
bodies were forming; the geologic record of ihe solar 
system, not just one of its bodies. 

Now. at the end of the .Apollo programme, we have a 
great deal of information about the Moon. It bears out 
completely the view hat it h.is a verv jincient >uruce. 
Very few rcxks can he found v>n tarth (hat are as otd as 
each one 01 the lunar ones ih.it >vere brought hack. 
Nuclear age aattng shows :hai the >oil and the rocks 
became the solids they ire hctv'ecn 4^ and j icons igo 
vone aeon ;s one th^^usand miili^m vearsi. 41 aeons <s 


also the age 01 the oldest meteorites that have been 
found, and those in turn show clear evidence of 
radio-active processes having taken place ^vlthin them, 
that could not have persisted for more than a few tenths 
of an aeon after the same matter sutTered the nuclear 
processing that occurs only in in exploding star. There 
IS good reason, therefore, for conside.ing the time 
around 4| aeons ago as the time of formation of the 
solar system, and the Moon bears evidence that it is not 
much younger. Its surface is really old enough to 
contain ail the evidence that we are looking for. but if it 
docs, no one knows yet how to read ti clearly. 

Several quite dilTereni possibilities are under 
discussion at the present time as to how the Nfoon might 
have formed. That the Moon and the Earth were 
formed as one body and were subsequcmlv torn 
asunder, or that they formed simultaneously from a 
common cloud of material, is .no: favoured bv the 
chemical evidence for the Moon. Lunar matenals all 
seem to show marked stmilantics as a group, and 
marked diiTerences from the common terrestnai 
materials. This is so both for abundances of common 
elements snd also for abundances of elements :hai 
'Xcur in trace amounts oniy t Figure 1 ), 

In Such (heones it would of courte be necessarv to 
suppose that the Moon had made its vav from a close 
orbit of the Earth to the more distant one ;i now 
iX'cupies. but this is not a problem. One undentands 
clearly how the tides that the Moon raises v-n tne Earth 
deform the liquid and solid parts of the Earth, and how 
this in turn caus«'s the Moon to >piral outwards. There 
are uncerfainties m :hc detailed c.ilcuiations of the 
etfecr. but a time hetween 5 and 2 aeons wtuild he 
iutficient to rush me Vtoon out ;o its present orbit. 

Other meones of he *orm.ition are the .uoture 1 t 
complete Moon :hai rormed eisewhere. 'r 'be capture of 
-Tunv imail p.irncles .nto irons tneirciing he Earth, 
'hat hen accumulated mto a <ing*e Moon The cioture 
of a comofete :s theoretic.iilv ro>>ihie. aoj here 


25 





( 




i 

1 


hivf htta detailed discussions how. with iht help of 
enormous tides mtsed on the Earth during an initial 
close encounter, such a capture might have been 
achieved. 3ut even if the capture process is a possibility, 
it is an extremely unlikely one. A ery small range of 
initial orbits only would lead to capture, rather than to a 
Jirect coltision with the Earth, or a mere perturbation 
and escape. One can argue against such a theory on the 
general grounds that there are some 30 other satellites 
in the solar system to be accounted for and that capture 
cannot be used to account for the majority of them. One 
needs a theory that represents a probable 
process that would put satellites in orbiu surroundint 
planets. * 

The accumulation of dust or churiks of material in 
orWta endfcUng planets is the most helpful one from 
this point of view. Saturn's rings give an example that 
such tccumulaiions can occur, although in that case a 
little too dose to the p!anet to accumuUce in turn into 
bigger sited objects. Perhaps whenever such rings 
occurred a little Airther out Aom a planet, they did form 
Into satellites in the course of time, and that is why w« 
don't see such rings any more. 

In such a theory it is by no means clear that the Moon 
would have formed directly as a single object, collecting 
up all the material of the ring, ft is quite likely that in 
the first place many objecu would have snowballed in 
differant lanes, and that subsequendy. and perhaps over 
long periods, their orbits were infiuenced by each ocher, 
and by the tides they raised on the Earth, in such a wav 
that they eventually alt collided wich each other, and 
that the major body so formed swept up or expelled the 
remaining debris. 

How will lunar observations prove or disprove such 
theories? How will details of the lunar surface shed tight 
on such processes? 

The greatest problem that has confronted the lunar 
investigiton is concerned with basic assumptions. Must 
one explain how the Moon formed out of the original 
mix of the elements available in the early solar system? 
In that case, one has to explain how the chemical sorting 
occurred wiihin its body, to generate the particular 
minerals locally, that are now found there. It is known 
that these minerals do not represent the kind of 
substance that might have condensed directly in the 

laiclhllin 


early solar system, but rather a material that ididined 
from a melt on some planetary body, and that 
represents the lighter fracuon and thus formed the 
upper crusc These difTcrenttation processes art well 
known from the examples on the Earth, and it might 
therefore be considered that similarly on the Moon 
there must have been a period of extensive melting and 
freeang of the rocks. In that case, the evidence of the 
earlier accumulation processes would also be obliterated 
there, and only a small amount of late infail would have 
left its marks on the surface, causing the craters, and 
crushing up rocks into powder. 

The altefnatave btac assumption would be to suppose 
that the materials now found on the lunar surface, 
whatever their chemical composition, represent the last 
epoch of the accumulation process. After all one could 
hardly imagine a planeury surface to give a clearer 
indication of being shaped by infall than the Moon 
does. Three-quarters of iu area is cemposed oi 


overiapping craters, with many of 

AM. *•. - I 1. .. 


them toll showing clearly the details expected ftom the 
impact of debris of all sizes, fklling in at asopnomical 
speeds. Despite a careful search for areas of solid rock, 
and the Mlection of landing sites with this search as the 
prime criterion, no such areas were found. The pieces of 
rock that were sampled by the astronauts were all 
without exception, separate chunks strewn around the 
lunar landscape (Plate 27\ presumably bv impact 
explosions; in no case were the rocks formed or 
congealed in the locations where they were found. The 
surface material almost everywhere was found to be a 
soil composed of a mixture of pulverised rock, just as 
one would expect of the surface of a body that had 
accumulated from the i mall of solids. 

The recent Mariner 10 spacecraft observations of the 
planet Mercury show its appearance o be remarkably 
similar to the Moon's (see photos p 14). There are also 
the same multiply overiapping craters, the same smooth 
looking low areas, the same patterns of lighter areas 
surrounding the fresher craters: and very similar dust 
must cover the surface, since the sunlight is scattered in 
just the same manner (Plate m 9ut the interior of 
Mercury must be very different from the Moon. It is 
made of much denser stulT(mean density 5-4 g/cu. cm 
compared with 3*3 for the Moon) and the temperature 
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Ft|ur« I Tht difTtreiu lanUinf tignificaiu Jifftr- 

tttcflt III the aSunUa<wei of ei«mtnis making op powet r y toii, 
the compr«wion-«dJe<S t>rtcciai (i# crytulline rocia. The 
proportioAi by maat of th« ua major «i«m«na are shown htra for five 
Apollo lanainf miw. Oty|tn makas up th« »olk of the rtmainOCf m 
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rach cate. 1^# abiineanct of hiamum it characteniiicaity highor (han 
•n t«rr«sina) sampfai, and thit. u ♦ril u Mvoral oihnr compoitiional 
*l»frtrtnets. ir|uns aftinai anv common ongm of thn two bodtot i The 
viaia art tnlacitd from ihe .htmieei tnatyto tramt appomue 





compeniioa a Jiff«reiiL*!hI*Ku * d«pili ii whieh ih« 
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regime in ihe inierior is noi likely to be similar If 'he 

e^*cnmv'r* Jominate/by Intern" lv cau«d 

lai|e share in shaping the outside of either bodv 
of ?he co'^posiiion 

and rh,^ 11 ^ ' ‘‘ ‘=«“y melted 

W 1^1 ^ rearranged, or could these processes 

mr^ifi d'" elsewhere and earlier, so ihat already 

Uy«o" h"^"’' ■" '■°™ •'>' -Pf 

One can certainly prove that there has been some 

Earth are vrysialline. clearly frozen magmas Bui then 
such rocks would be expected to be mad*e in the course 
of an impact history ,n any case. The largest impacts. 

mmt h "mular basins on the VIoon 

,^r* pressure waves of such intensity 

have b«r«n' ‘‘■'''"'‘"■'P ‘’f "’ollen reck would 
lain ir the area of the basin Much 

over^iTe froilnir^^^;* had accumulated 

down inH >ome oehtfr impacts \^ouid Jia 

me s"ur4. '""’'"S -• ^-PHal up to* 

But would simple infall not have provided a uniform 

pieces thai tell in may have had their individuality but 
-n*i^ 'Z \r rt>r..cle, musl'hav, 

M^on end tiiix. How can ihe 

Moon end uo wiih i, nuch regional vahaiion ,n the 
Mncnixal ^.ompoiidon as was Jt«:ovcrcd? ( Plate ZA ) 

main,l'""* ■* a hu« basin, 

m, ?h > Jt-'a' J-ipth and -brown 

over he surrounding areas, M.ire Imbrium. for 


a the instant of the gigantic impact. If any chemical 
dilTerences existed vertically from the process of 

honfimal'’* *" converted into 

virtial d rr *" ‘Figure 2 )- 

; dullIgThe ‘‘‘"•"'"f '■'"«* 

' haS’^hln-jif"’!"' P™«“'"S of ‘he lunar material, 

have happened elsewhere before they built ud the 
Moon? Mothing that we have teamed » far i, able to 
rule this out. Meteontes that we Hnd give clear evidence 
mmany case, of being debris of sm«hed up pUnCa™ 

com’*^iA™“ “h"as'"^deT"a 

wSt ^t^nt.!* •"wer to the dilemma, 

hat meteontic debns from what particular parent 

l^ies popular the orbiul lanes that made the last 
^dition to the Moon is a very diiTicult matter to assess 

ollnl?. once there toLud ihi 

fht^l ■,r'*h‘ '* remained by 

Mini ^'r ***P‘ "'*}Or bodiei. 

olher classes of meteorites might once have 

thlv'h'i*’'^ *1' '*'* 'h«re because 

d^c^ nm *'^*'*‘ “P- ‘he Earth 

w tI ^ '"'ereect their orbits at the present 

dme. Thu^ the meteorites also do not give a dear 

ImTnTthem'l.'r”^ -lifreremiaied maieriaf is common 
among them now. and may have been common in the 
early times. Debns from early collisions must .have had 

wouH '•■‘’reposition in each case, and 

would have been scattered onto particular orbital lanes. 

domilufi? *1"* pf°hlere ‘hat must 

ch*1^ V •» ‘he detailed lunar 

itxl r!777 I**' ^o^oltof lunar processes, or the result of 
t^ final stages ol the building of the Moon? Are we 

of i1l"n Earth-like body that obliterated the record 

bl sSlT’ ? ** ‘“’“■ng at that recoid 

but. because of its eomple.xity. faiUng to understand it? 

if neither the chemical com position nor the overall 
ap^arance can give a dear answer between these 
altemauves, what ocher evidence is there to look to^ The 

tvom^,",’'r'ru"'" “» »">® ®«®"« 

rllo ‘i’' f reoonquakes that are 

corded, and also ,rom the seismic signals .-esultinc 
i^rom ^casional meteoriie impacts and from the .mpacB 
or abandoned spacecraft. Also, radar and other 
radto-frequency methods can be used for depth 

di(Teremiaiion had occurred on the Moon, then one 
wou d imagine that a layer of bedrock of frozen 'ava 
would generally lie underneath the dusiv surface The 
dust would only be a coating derived bv the pulverisin. 

fiooir ®r^ *'** ‘'T'*" ‘h* ‘111 

?rM? '"V''' oC the low.|ving 

-ron?' 7rvi ‘be build-up of -natenal 

exirnd fl‘!’ r’'‘h*V'’ •’'■vomoaetton mav 

extend to s depth of manv kilometres. 

4 P* ^«tsniic signals show the Moon ro be toiailv 
XO imes quieter moonquakes are >veak and rare. 
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*“ • «vidence of distortion. The second 
t^di^crtnc* IS that inicmaily caiuad moonquakcs 
^^ /”* ***?"**y- *"** pcrtap* pradominanily. from a 
'^ty |rw. deiMh. approximately hallWay to (he centre 

n« .t '*• ■* ‘^*P‘** 700 and 1 200 km. 

on (he Eanh t^ great majority of ‘quake* originate 
^ only '•fty rarely have ‘quake* 

^n recoded from a* deep a* 700 km. It is thought that 
^p earthquato are rare because the deep material is 
t^h^*^!5* Pi'^-rally under stress rather than 

cotSeHnride!^*" ***’*** *“***** ‘***‘ ‘*** '* 

TJ** ttaiure of the seismic signals on the .Vfoon proved 
««* quire difl-erent from those 
that occur on &nh. Here an impact or an explosioa 100 

P«<lu“ * characteristic sharp 

nt^rrtval »gnal aAer perhaps 20 seconds. follo»ed 

2^ lire slower transverse waves, with the whole sianal 
6^ over in not much more than a minute. On the 
MO< ^ in (he rente ciicumsunces. a noisy signal builds 
*** '>*5i""in8- «k« between 

fh^rlh!? '« ntewnium amplitude, and 

then about I hour to fade away ( Plate 23X 

the«’T«‘x‘i!l^r <l'<T'‘erent on the Moon? On the Earth 
there is almost everywhere a solid sheet of bedrock that 

« «''i<l*"«ly "Ot the 
case on the Moon. Those who believe that bedrock is 

fragmented in a way that it never is on the Earth, so as 

T^e*?tern«r^ reverberant transmission medium, 
^e alternati^. very acceptable for the interpretation of 

‘® * '^‘P'k of several kilometres, 
ebrupily increasing in compaction with 

w- * **’*'’* end the hammer 

olowa of earlier mcteoriies, 

!. radar gives a clear indication that them 

^or X sudden (lansiiion from the top soil to broken-uo 
oet* t at a shallow depth. Long-wave radar (at a 

mltelS*.Irfih*^.^'’ ’"i penetrate through the 

’“bsufftce rellections 
'**** "* 1“'‘e possibly 200 

or 300 m. (Lunar soil is much more radar transparent 
‘ * " rereestrial soil or rock.) Jumbled up pieces of 
rock wuld scatter the radio waves back with an 
intensity s^enl times greater than is observed 
Moreover, this rough subsurface would make the Moon 
more or lere equally reticciing over the whole disk, just 
M the itiugh optical surface makes the full Moon more 

d[o^th‘’“.!i 'n"*-**ve radar, however, 

s^ the edge to be more than 100 times fainter than 

*be middle. The radar Moon is 
erormously Itmb-darkened. It is dear that there 

s^r«^«T *'*’*'’" *'** where* thi,! layer of the 
“7 ” '’"’k.n-up bedrock. The 

de^ depots of a powder variously compacted. Nvouht 
J^ree with the radar data. So this evidence fiu much 
ihiTJi'h I'h^ r*'* •*«uniuljiion theory of the surface. 
cTuZ r ^ '■*« ‘i*** "0 <redfock 

"** ''P®"« mission* would 
then also have a natural explanation 

Some invest,, Slots believe that the mere presence of 
g fiat area* is smTTcicni »o prove that huee lava 
outpounngs have t.ikcn pl.ice. They also believe that 
some individual features represem the tlow paiiems of 

Cimoanhu l”" ■‘‘’««« >>" «wep slopes. 

Comparable photography of.ireas of ihe Earth that are 

Tree from scgeiaiion would have left no doubt about the 


early » convincing. Apparent “(low fronu** of 
supposedly congealed lava (Plate 25) are seen on ihe 

tte Sh« *** ^8^ ‘orae as convincing. On 
the other hand, entirely similar now fronu are’secn 

nms. and for them nothing other than a surface erosion 
and ^wpowion process, albeit it of unknown nature 
can be invoked (Plate 26). On a Ume scale of 4 i a^ 
very minor processes can have been sulHcient to cause 
?o* *** Wfftce. It is very difTicult 

"Ithough various 

ele^utic processes would seem perfectly adequate- 
but It IS equally very dilTicull to be sure that no surfaire 
mtgrauon of dust could have taken place. AnoX 
fraiure cUimed to represent bedrock at a shallow depth 
fS"!*"! J?*** P*«“>8"pbed by the astronauu 

«Ued Had '** »<■">« ''•«*y 

strona *" ''8""- '•*«» evidence is not very 

wrong. The ledge was not sampled, and may w^ 

repwnl no^re than a stialilkation in compacrion of 
^ powder. Compacted powder will give an a^aiance 

*7" '^il"*** neeessaiy for the 

ciure may have been orders of magnitude sm. Her 
On (he opposite side of the argument we have the very 
many creien that are of quite remarkable perfectio? 
Ireing accurate^ round with a perfecUy smooth bowl as 
30 * tn*^'^ ‘“ff**- and an absolutely level rim (Plate* 

metiJJ’,7?'i’' range from tens of 

meiw to kilometres. A sheet of brittle r^k breaks into 
much more erracic patterns. 

There « many other lines of evidence that one can 
pursue, ne slight variations in the local sirenith of 
gravity (Plate 2SL measured through the perturtation* 
*P**“?''*‘ ravealed the existence of the 
galled mwoM . regions of higher density evidently 
underlying the targe, flat-bottomed besin*. Such a 

r*f^" HTJ!^ Swund at a depth between ten and 
a few hundred kilometres to be quite strong, for 
otherwise the region would lieve sunk deeper in thI long 
ume formation. If huge amounts of lava had 

^en irour^ ouu one vould suspect the ground just 
h*'’* molten, and no rock* would 

ihM have the n^uired mechanical strength. There is a 

fe™.nf h"* ^*7 *'•'* while in 

erm* of a basin subsequently filled by surface deposit, 
there rt no neid to think that the deep ground could not 
have been cod enough at all times. 

Each of these many poina can be debated, and the 
inswen are not yet sure. Just as we* the case in the early 

«re7ilS: ?*7*‘ of'he Earth, one has a 

jreat deal of knowledge of fact*, but as yet very little 
basic understanding. Wh« we have seen is t^t the 
Moon IS dramatically difTereni from the Earth, and that 
^ndo“l« "'*7'®'* *"8“« out each case from first 

inv*«rgnior^ 

The next step must be to find a clear way to decide 
the two basic possibilities discussed here. If the 
M^ IS a loaily dirrcrentiaied body, as manv 
invewgatsn believe, the informsiion it can provide is 
limited in much the same way as the E*rth‘s. However 
If Its surface matenal represents the last infall. the 
evidence it then provide* perhaps unexpected: but I 
poswbility must not be rejected just because ,l would 
icach US something we had not foreseen In that case we 

he eyiy ^ar system and the construction of the Earth 
Jnu rhe other planeti. 
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***^ Apoilo comiiMiHl module mu ii» orbk afound 
11*0 Moom. u*MntinaM«tKm abowO ii scuinud ilM lunar surface for 
any X-ny (Tuoraecnee ii mishi be exhtbHing. The X-ray enerti« 
ware io idcmiiy ihe chemicaJ eietnctm in ihe sur^ 

maicnais. rie ^waih oenna (he Moon which the orbital leicseope 
aaimntM shou^ the alurntRium-tilicon abundance ratio ^io the im 
miilimetrca of the surface) to have marhed retional variationt. 
uummtum heiti§ lencfally more atnindam on the high uound. 
Cfwer uniformt^wai cbRcrved with ropect to moM other eimenia 
^la^ra rraifi pTocecdings of the Fif\h Lunar Science Conference 
Qeochiniica es Cosmochimka Acte Supplement 5 . Permamon Preia 
in prcia.) ^ 
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Pfaie Z5 A ‘flow front- that haa hetn interpreted as a lava flow 
arreMed by freezing, it us on Hut lunar ^n>und. and the Mcp is a few 

* 13 .*** '*'’'*** «n|ulf«d 

but mu lilled casts doubt on any jenume liquid as being the auume 
mtdiu^ Craien appear to be merely omied by the ‘flow", and ihe 
ccneial crater^ ''*^*** '«««>» »*<• on both sidea gf the 

rnoM |N ASA Uiner Orbiier photo) 

«aio :b \n area of flat •mere- surface from which protrude Mime 
Old and heavily eroded mountains. \t the base of each mountain the 
junction tine «nh the mare ground has a charactensne proilte — a 
shoulder — «hkh muM represent material that has been moved 
di^nhill a^ accumulated in ibis peetiiiar fx^hion. Some of thee 
Nhoulden* have a lery unuiar ippearaiKe <o the flow^rfoow" of 
— tfvpeetally m the manner ni which thev eneulf smell cmen 
(NASA Lunar Orhitcr phutu) 


luwr mepshowing men encae ana mau deficiency over 

uf "" »•«*««»» of .h. 

,-!f. *"«• bwn ,«pnMm . ««. 

aieeae ( mo^nt ). despite thetr lower surfaco. Denser tmierial 
'!"***' ** Onemale. the large feature on the left. 

*hich liei on the revetse tide of the Moon, /a basin without mu^ 

a surface till Uke the other circular mane. « would show tho wune 
posMfve gravity anomaly as they. 

comJ^ilLi‘^T?I7V'’ «•«» «<H be due to diirercneeB in 

wornposmon. Tho lunar ground may w%i| be poroua. as it « near the 

^*******S ^ hilometrek before the weight of 

k !!2 ^ « '*»« 'wpact and they will not 

have reuined any porosity below a basin with a denser floor and a 

tftTea* ’ '’*** ‘‘ilomeirci would product the observed 

Small craten are n^ativt gravity anomalicsL corresponding to the 
T*"*^ ^Otagram from Froceedings of thT Firth Lunar 
s ”4*^: A.,.. 
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Pfai« .7 AMronaui N. H.. >^hmi(i next (o i lorge >plu bouitier. 
RtKks cncoumeretl by the xsirooauu or photographed bv the 
remtMe-cumroHetJ lunar orbiten nere ahfcayi found is >eparaie piece 
MreM-n over the surface, and usually partly embedded in the du»(y toil 


They appear lo have been tossed to thetr present positions oy :mpi 
events. No ideniification of cry»talline roeai froaen m the lace 
which they nou> are. was made m (he course of any of the Ano 
landings (Apollo 17 photo» 


Plate 28 
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Plaie :9 ^Mronaut Jack Schmm at v\ork ai ih« Apoilo I? !an4in« 
area oC ih< \foon. Th« background conj.su 
oi ift< Souih Massif and Family Moumaio* 


SchmidL s«\en imlcn acro^j*. !ie« on ihc vscsiern cdae 
oi Marc rran^mltiiai ■ (Phojo: SA^iA. Apollo iO) 

*!•* '''‘tffnaiional \Mrom»miol Union 

.'OS !,ws on <he lunar far vUc. It .n .ome :0 miio ,n Jiameter. 

. mailer vr.iicr> testify to the good circularity Joplaycd by nianv lunar 
anpaci Icamrcs This and the preceding ptioio-iraph of crater Schmidt 
comirni that .luny craters are renurkablv perfect circul.ir bo^i% 
Impact.-* in rtHki* usually generate shapes ihii >how nuire pronounced 
iracture paiterns. and solid rock.% underneath ponder would result m 
ledges and steps in the interiors of craters t Photo; N.-\Sa. ApoHo ll) 

I’ljte K T!i;> hin section miefograph of an Vt'ollo II vample of 
uiur vek proso that >ome of Jie Moon s n.iterul. u exsi. s 
.nMjIline. The auTerent colours ire -icre p^^iused ‘♦a solarised 
tern; >esenil vulTcrcni minerals can nc Jison-uished. The r^Mweraph 
sis taken hs Dr Klaus Keil of the L l■,lsc(^u^^( \'ess Mcmco ' 
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?tai« 3J Eanhm« ov<r tha Moon'k hotuon. The crescem earth had Plate 33 

never been glimpied before man tanJeU on the lunar surface This 
spectacular phoio^aph uaa taken «iunn$ the Apollo 12 misuon 



Plate 34 Man photographed by 
Manner T m Au|uh 1969. The 
south polar cap is at the bottom of 
the pKturcL bnght ring-shaped ot> 
jea 1 $ (he gtam volcano Olympus 
Mons 


Plate 35 A Manian channel in 
the central highlands. .Many tnbti> 
taries and a highly sinuous course 
chsraetetise thts type of channel 


Piste 36 A great msss of chaotic 
terrain with a chtnnel that Hows 
into the nonhem lowland 


Plate 37 A Manian sand dune 
field (hat it about 50 km across 


Plate jS The great equatorial 
fault valley with <ts diagonal sut>< 
stdiary vaitcyi. T7>c valley is about 
'5 km across and 6 km drep 


Plate 34 






















